Recent advances in miniaturization and highly-accurate measurement techniques have allowed mechanical properties to be measured at the nanometer scale. Nanoindentation has been widely used because of its applicability in ambient conditions. Unstable displacement burst or the abrupt growth of indent displacement after homogeneous elastic deformation observed in crystalline materials is a unique plastic deformation characteristic (nanoplasticity). In the present paper, a series of atomistic simulations of nanoindentation in single crystalline aluminum and copper are performed in analyzing the critical state for dislocation nucleation and interaction between dislocations beneath the indenter. With reference to the Hertzian solution based on isotropic linear elastic theory, both the anisotropic effect and nonlinear behavior of nanoindentation are discussed in detail. The discovery was made that the incipient yield process is strongly related to the triaxial stress state created beneath the indenter, and that energetically unfavorable interactions accompanied with cross slip induce the formation of prismatic dislocations.
Introduction
The nanoindentation technique was first proposed by Oliver and Pharr, and applied in evaluating the mechanical properties of nanometer-scale materials and thin films (1) . A specimen is indented using highly-accurate positioning with a very small load, providing the continuous relationship between indent load and depth. The mechanical properties of thin films can be derived using measured load-depth curves. Unlike uniaxial tensile testing, the indentation test produces a non-uniform stress distribution, whereby the local properties of the sample can be obtained with the expected resolution. An abrupt increase in the indent depth that occurs subsequent to homogeneous elastic deformation, or "displacement burst", can be observed in metallic materials below the 100-nm scale of the indent depth (2) - (4) . And thus the fundamental deformation mechanism in nanoscale, which includes dislocation and other individual defect structures, affects the measuring response. Experimental observation via transmission electron microscopy (TEM) revealed high-density dislocation beneath the 4, 2008 indenter (5) , thus enabling the prediction that collective dislocation nucleation and motion trigger the unexplained unstable behavior in nanoindentation. Atomistic simulations have been developed with help of computation power, and enable direct simulations of the critical shear stress, the dislocation nucleation, and the dislocation motion around the spherical precipitation (6) . In the present study a sequence of atomistic simulations of nanoindentation in single-crystalline aluminum (Al) and copper (Cu) were performed in order to investigate the nucleation mechanism of dislocations in the defect-free region beneath the indentation. Referring to the Hertzian solution based on the isotropic linear elastic theory, the anisotropic effect, nonlinear behavior and dislocation nucleation with nanoindentation are discussed.
Analysis model and method
The atomic models used in the simulation are three-dimensional rectangular solids of different sizes containing up to 500,000 atoms (Model 1) (9) is used to simulate the frictionless contact between the atomic model and the spherical rigid indenter that provides the correspondence relationship with the Hertzian solution for the contact problem (10) .
Indentations are simulated using four different indenter radii r, and include r = 5, 15, 20, and 30 nm. In all the simulations quasi-static analysis at the temperature of absolute zero is performed using the Conjugate Gradient (CG) method. The indent load is applied iteratively in small increments dz = 0.025 nm of the indent depth, with the maximum depth being set at 1.5 to 2.0 nm. A fully relaxed configuration for a given depth is obtained using the appropriate relaxation steps in the CG.
Mechanical properties under nanoindentation

Indent load−depth curves
The relationships between indent load, mean pressure, and indent depth for indenters of varying radii are shown in 
Al or Cu
Free surface . While critical drop load P c increases with the radius of the indenter, critical mean pressure p c remains at a specific value, apart from the smallest radius of indenter (r5), which is independent of the radius. In Fig 2 (c) and (d), the critical pressures p c are found to be 6.5 and 7.4 GPa for Al and Cu, respectively. It is known from the linear elastic solution for spherical Hertzian contact of isotropic bodies (10) that a linear relationship exists between mean pressure and maximum shear stress, and can be expressed using the following equation:
According to the Hertzian solution critical shear stress τ' c below the indentation can be predicted using critical mean pressure. Substitution of the critical pressure obtained in atomistic simulations results in the critical shear stresses of 3.02 and 3.44 for Al and Cu, respectively. This assessment technique has proved effective in predicting critical shear stress in experimental indentation tests (3) , (11) . On the contrary, critical mean pressure is constant and can be solely determined with the material and indentation plane, provided the uniqueness of the critical shear stress under indentation can first be proved.
Local stress condition under indentation
Local stress based on atomic stress can be directly calculated using the present simulation. transformation, with the atomic image of the {111} 112 shear stress distribution τ z'y' just before dislocation emissions using Model 2 with an r30 indenter being given in Fig 3. We were able to confirm that maximum shear stress is generated in the inner region beneath the indenter, as predicted by the Hertzian elastic solution. However, the location is slightly removed from the indentation axis due to the inherent anisotropy of cubical crystal. The degree of eccentricity and distance from the surface are shown in Fig 4, where the position of maximum shear stress within the nearly perfect fcc structure is sought via the centrosymmetry parameter (9) . It was discovered that a one-to-one correspondence exists for all the cases except when the position is near the surface. It should be noted that while the distance from the surface given in Fig 4 (a) and (c) principally depend on the radius of the indenter, the degrees of eccentricity given in Fig 4 (b) and (d) Fig. 4 Relationship between depth of maximum shear stress and contact radius.
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effect of the cubic crystals.
The Hertzian solution and the relationship between maximum shear stress and mean pressure calculated in the atomistic simulations are given in Fig 5. It was discovered that the critical value of maximum shear stresses provides the feature of being radius-independent for the relationship between mean pressure and depth, and a nearly-linear correlation for both Al and Cu. Conversely, the gradient obtained using least squares approximation differs for Al and Cu (0.750 for Al and 0.617 for Cu). Both are much larger than the Hertzian solution (0.465), with Al in particular being more apparent than Cu. It is known that actual materials deform nonlinearly depending on the triaxial stress conditions (12) . Hence the internal stress conditions beneath the indenter were then considered. The evolution of the maximum {111} 112 shear stress, as well as the normal stress components of σ x'x' , σ y'y' , σ z'z' , and hydrostatic pressure p h at the point of maximum shear stress for Model 1 indented with r15 and Model 2 with r30, are depicted in Fig 6. The magnitude of all the normal stresses and hydrostatic pressure gradually increase on the compressed side with increased 
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Hertian sol. indent depth. It was discovered in all cases that the hydrostatic pressure reaches −5 GPa just prior to the dislocation emissions. In addition it is particularly worth noting that the critical shear stress and normal stresses provide the radius-independent values. In order to implement more rigorous calculations, atomic stress was evaluated using the Voronoi volume at the atomic position of the maximum shear stress. Voronoi volumes for Al and Cu were found to be 94.8 and 97.6 percent of the perfect crystal volume under zero stress, thus providing definite evidence that local-compressive stress states are present in indentation. Accurate critical stress and maximum normal stresses are given in Table 1 . Here the ideal shear strengths for Al and Cu using the MF potential were preliminarily evaluated: When normal stresses are unrelaxed, the shear strength c u τ = 3.60 at 3.91 GPa, and when relaxed c r τ = 3.19 at 2.86 GPa, for Al and Cu, respectively (13) . The critical shear stresses under indentation are of much higher values than these shear strengths, being 15.2 and 10.8 percent of the shear moduli for Al and Cu, respectively. This remarkable discrepancy is caused by the normal stress component. Recent ab initio calculations indicated pressure dependence of the critical shear strength, and elucidated that triaxial compressive stress causes the critical shear stress to increase (12) . It was confirmed that high compressive pressure is generated with indentation.
Dislocation emission and interaction
An overview of the dislocation emissions under nanoindentation in Al and Cu achieved by atomistic simulations using Model 2 and r30 indenter are given in Fig 7, with the images Table 1 Maximum shear stress and normal stress at the moment of dislocation nucleation. Vol. 2, No. 4, 2008 having been created with the visualization software AtomEye (14) . We extracted the specific high energy structures on the basis of potential energy criteria and specifying only the atoms with energy above −3.33 eV for Al and −3.50 eV for Cu. The first image for each material shows the elastic deformation, wherein the atoms of high strain energy can be observed. The dislocations are then emitted within the material. The indication is that high elastic strain energy is converted into the total dislocation energy. And once the dislocations have nucleated they then interact with the dislocations on the other slip plane. This interaction process has been investigated in a large number of atomistic simulations, and it is presumed that Lomer-Cottrell type sessile dislocations are generated (15) , (16) . However, when investigating the interaction between dislocations the reaction energy both before and after the interaction needs to be examined. Based on the classical dislocation theory, the square of Burgers vector for two dislocations is considered. Stable reactions for two partial dislocations using Thompson notation (17) are listed in 
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where the suffixes LP and TP denote the Leading and Trailing Partial dislocations, respectively. The square of the dissociated partials after the interaction, , which is larger than before the interaction. And hence revealing that the interaction of dislocations in indentation is unstable and the sessile dislocation never formed. Afterwards the formation of a Prismatic Dislocation Loop (PDL) was observed, and is given in Fig 8. PDLs form because of the unstable interaction between dislocations and cross slips, as previously reported by the authors (13) . We confirmed that PDLs form within the radial stress distribution generally produced by indentation or inclusion causing multiple slips.
Conclusions
Dislocation emissions and their interaction in nanoindentation were investigated via atomistic simulations. In the present study different radii spherical indenters were used for the purpose of ensuring an in depth investigation was made. It was discovered that the calculated critical mean pressure and critical shear stress for the dislocation emission provide radius-independent but equivalent values. The maximum shear stress is generated in the inner region beneath the indenter, as predicted by the Hertzian elastic solution, but slightly removed from the indentation axis due to inherent anisotropy. In addition, a considerably high compressive pressure is generated and causes an elevation in the critical shear stress for dislocation emissions. Finally, it was confirmed that the emitted dislocation in nanoindentation causes the unstable interactions with dislocation on the other slip system, which never form sessile dislocations. And as a result rhombic prismatic dislocation loops form because of the unstable interactions and cross slips.
